We simulate the electron transport across the Au(111)-pentacene interface using non-equilibrium Green's functions and density-functional theory (NEGF-DFT), and calculate the bias-dependent electron transmission. We find that the electrical contact resistance is dominated by the formation of a Schottky barrier at the interface, and show that the conventional semiconductor transport models across Schottky barriers need to be modified in order to describe the simulation data. We present an extension of the conventional Schottky barrier transport model, which can describe our simulation results and rationalize recent experimental data.
I. INTRODUCTION
Organic materials for electronics is a rapidly growing area, with new commercial organic devices for applications in lighting, displays and photovoltaics being considered. An important problem is the control of charge injection at the metal-organic interface. The charge injection can be associated with a large contact resistance, and is sometimes more dominating for the electrical performance than the transport within the organic semiconductor.
The transport across the interface is usually described by the theory of metal-semiconductor contacts [1] [2] [3] [4] , where the transport is characterized by an injection barrier that needs to be overcome by thermionic emission 5 . In this paper we show that this theory cannot explain first-principles data of quantum transport across a metal-organic semiconductor interface.
Organic semiconductor crystals have much narrower electron bands than "traditional" inorganic semiconductors, and the theory must be extended to take into account that for certain electron injection energies there may be no available organic crystal bands in the band bending region, and the electron needs to tunnel through this region.
Previous theoretical studies of the metal-organic interface have focused on understanding the properties of a single or few layers of organic molecules on metal surfaces. The focus in this paper is to simulate a true interface between a gold and a pentacene bulk crystal through the use of density-functional theory (DFT) and the non-equilibrium Green's function (NEGF) method. To our knowledge this is the first study of a single metal-organic interface which does not make use of a slab geometry, but models semi-infinite electrodes by applying open boundary conditions. We show how such simulations can give new insight into the electrostatic properties of the interface, the contact resistance, and electron transport across the interface.
We have chosen the gold-pentacene crystal interface as our model system. Due to its high hole mobility, the pentacene crystal is an important organic electronic material, and the gold-pentacene interface is one of the most well studied systems both theoretically [6] [7] [8] [9] [10] [11] and experimentally 4,12-22 , thus there is a large number of experimental and theoretical data for verification of the theoretical simulations.
The organisation of the paper is the following. In section II we describe the computational model used for the calculations, and in section III we present the results of the calculations.
Section IV presents a simple model which rationalize the results and the results are summa-rized in section V. (111) surface, where the corresponding experimental values are given in parentheses.
To describe the gold-pentacene interface we correct for basis set superposition errors (BSSE) using the counterpoise correction 8 , and using this computational model with an (8 × 3) k-point grid, we reproduce the geometry, work function change, and adsorption energy 28 of pentacene on the Au(111)-( √ 3 × 6) surface obtained with a plane-wave method 7 .
In this paper we study pentacene on the Au(111)-(2 × 3 √ 3) surface. This structure has been observed experimentally 12 and the adsorption energy of a pentacene monolayer is higher for this structure compared with the Au(111)-( √ 3 × 6) surface 28 .
III. RESULTS
The experimentally observed pentacene crystal geometry 29 is shown in the complex band structure, band structure and density of states of the pentacene crystal at the experimental lattice constant and compared with the strained crystal. The results are shown in Fig. 1a , where the dotted lines are for the strained case. We see that the electronic structure is almost identical to the unstrained pentacene crystal (solid lines), and thus the straining of the crystal will only have a minor impact on our electron transport calculations.
To set up the geometry of the Au(111)-pentacene interface, we have first relaxed an Au(111)-(2 × 3 √ 3) slab with 2 pentacene layers, until the forces of all pentacene atoms and the first 2 gold layers were below 0.01 eV/Å. We next used the pentacene crystal as a template for extending the slab from 2 to 6 pentacene layers, and relaxed all atoms in layers 2, 3, and 4 until the forces were below 0.02 eV/Å. Finally, we attached semi-infinite electrodes to set up a device configuration as shown in Fig. 2 . The BSSE correction cannot be applied in the device configuration, and we can therefore only obtain reliable forces for atoms in pentacene layers 2, 3, and 4. In these layers the forces are below 0.04 eV/Å, confirming that our procedure for generating the geometry using a slab configuration is accurate. In the following we will calculate the properties of this interface. increases the pentacene electrochemical potential µ R and thereby reduces the band bending, while a positive bias lowers µ R which increases the band bending. bias the barrier corresponding to the slope of the curve is indicated. In the following we will investigate this in further detail and make a simple model of the transport across the interface. Figure 4b shows the transmission spectrum as function of the bias voltage applied to the right electrode. The transmission increases exponentially when a negative voltage is applied.
At −0.4 V the maximum transmission is 1, corresponding to a very good coupling between the pentacene crystal and the gold electrode. It follows from the discussion of the band bending above that the system is in flat band condition at this bias voltage, which can also be seen in Fig. 3 . For the other computed bias points the bands bend downwards, and a Schottky-type barrier arises at the interface.
In an inorganic semiconductor, a Schottky barrier is reflected by an energy shift of the transmission peaks relative to the metal Fermi level; however, the magnitude of the transmission peaks will not change. For the pentacene crystal, the transmission peaks are both shifted and reduced in magnitude. The reduction is an effect of the band bending of the narrow molecular bands. The band bending is of similar magnitude as the widths of the organic bands, which has the effect that the electron cannot propagate inside a molecular band all the way from the organic crystal to the metal electrode. Outside a molecular band the wavefunction amplitude is exponentially damped with the tunneling distance, thus, for increasing band bending the transmission peak is exponentially lowered.
IV. DISCUSSION
Finally, we present a model that quantifies the reduction of the transmission peaks in the inorganic crystal due to the tunneling through the band bending region. The total current at bias eU R = µ L − µ R is given by
where T (E) is the transmission coefficient, f the Fermi function, T the electron temperature, and k B the Boltzmann constant.
Under forward bias the current can be approximated by
where E v = µ L − φ and φ is the offset between the semiconductor valence band and the metal chemical potential. For an inorganic semiconductor T (E v ) ∼ 1, but for an organic semiconductor T (E v ) ∼ e −αd as inferred from Eq. (1).
This qualitative difference in the electron transmission across a metal-semiconductor interface for inorganic and organic systems, respectively, is illustrated in Fig. 6 . The model illustrates how the narrow organic crystal bands leads to an additional Schottky barrier contact resistance for a metal-organic interface.
It is interesting to compare this model with the experimental data for transport across the gold-pentacene interface by Liu et al. 4 They find a large contact resistance and rectification for the gold-pentacene interface, in qualitative agreement with our calculations.
(A quantitative comparison is not immediately possible since the effective contact area is unknown in the experiment.) Liu et al. model the data in terms of a traditional Schottky barrier. In order to explain the large contact resistance they suggest that the interface dipole rigidly shifts the bands in the organic semiconductor, which introduces an additional injection barrier. We note, however, that their model assumes a shift of the Fermi level in the organic crystal relative to its HOMO and LUMO bands upon forming the interface with gold, thus, the interface dipole should change the organic crystal from p to n type, which we find unphysical.
Liu et al. also assume band bending at the interface, however, in their case the band bending has no direct electrical effect on the contact resistance. Our model suggests that the band bending will indeed affect the injection probability, thus leading to an alternative model for the large contact resistance which does not require the introduction of an additional injection barrier.
Furthermore, Liu et al. noticed that the metal-organic contact resistance can be reduced by incorporating an inorganic semiconductor buffer layer between the metal and the organic crystal 3,4 . They suggest that the effect of the inorganic semiconductor is to remove the interface dipole and thereby the additional injection barrier. We propose an alternative explanation for this effect. The buffer layer will unpin the HOMO band at the interface, making the organic crystal bands more flat, which increases the electron propagation probability in the band bending region. Thus, unlike models proposed previously 3,4 , we suggest that the buffer layers will not change the Schottky barrier, but rather increases the injection probability due to flatter inorganic bands which provides more efficient propagation through the band bending region.
V. SUMMARY
In summary, we have studied bias-induced electron transport across the Au(111)-pentacene interface. The study shows that there is a good chemical contact between the gold and the pentacene crystals, and the electrical resistance is dominated by a Schottky barrier within the organic crystal. The transport across the Schottky barrier is thermally activated, however transport is reduced compared to an inorganic semiconductor, since the electron needs to tunnel through part of the band bending region, as illustrated in Fig. 6 .
Our calculation is a simplification compared to an experimental situation; in particular, the length of the band bending region is orders of magnitude shorter than it is experimentally.
However, the calculations suggest an overlooked effect, namely that propagation through the band bending region can be damped due to the narrow bands in the organic semiconductor. We have illustrated how such a model can rationalize recent experimental data for the contact resistance of the gold-pentacene interface and explain the effect of an inorganic buffer layer on the contact resistance.
